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Additionally, we use BL21 strain, a B-Strain of E. coli the strain has a valine-feedback independent acetolactate 1 0 4 synthase (ilvG). This, in addition to the heterologously expressed ketoisovalerate decarboxylase (KivD), is 1 0 5
better suited compared to the K12 (BW25113) strain for isobutanol production. Similarly, BL21 gave better 1 0 6
Shikimate yield than BW25113, albeit for unknown reasons ( Supplementary Fig S1) . IlvD is an inactive enzyme complex making the bacteria a BCAA auxotroph effectively halting isobutanol 1 1 1 production. However, under limiting or no nitrogen in N-swap condition, the NO formation is effectively 1 1 2 stunted, which helps in keeping the flux active through the BCAA pathway. This complex is activated under the 1 1 3 aerobic condition without the formation of a new enzyme (Ren et al, 2008) . We demonstrate a scheme which 1 1 4 considers the minimal amount of input with nominal gene manipulations necessary for the production of 1 1 5 isobutanol and shikimate in the BL21 E. coli strain. Population system biology algorithm (POSYBAL):
In an FBA model, a matrix (M) of size y * z is generated with stoichiometric metabolic reactions. The 1 2 1 compounds participating in the metabolic reactions marks the rows of the matrix (y unique compounds 1 2 2 participating in the system) and the columns represents the reactions (z overall reactions in the system). The 1 2 3 matrix is constructed using the stoichiometric coefficients of each of the respective metabolites participating in a of the null space of M ( Fig 1D) . The system of equations obtained by steady state mass balance is such that the 1 3 0 total number of equations is y (equal to the No. of metabolites) and unknown variable is the flux of each reactions is always greater than the metabolites. When the number of unknowns is greater than the equations, we 1 3 3
can identify many plausible values for the unknowns that are solutions of the system of linear equations. Such 1 3 4 system of linear equations is known to be underdetermined. With the help of constrains, we can define the range 1 3 5
for the solution space. The constraints are designed using the composition of the media used for the growth of 1 3 6 the bacteria. In conventional FBA approach an objective function is designed that works for maximisation or 1 3 7 minimisation of a particular reaction, giving the contribution of each of the reactions in the system towards the the forward reaction is significantly higher than the reverse reaction.
4 0
For our model, we have made it unidirectional for computational convenience. Fig 1D shows Monte Carlo (MCMC) method. The high dimensional nature of the system of equations as found in metabolic 1 4 5 network models makes the MCMC based approaches to be efficient for picking samples from the Null Space.
4 6
The inequality constrains defines the boundary in the feasible region (hyperplane). All the points on one side of We have created the shikimate model from IJO1366 (Orth et al,2011) with the addition of a reaction 1 5 7
corresponding to the export of the shikimate metabolite. In the absence of a transport flux the system considers knocked out, bringing down the shikimate flux to 0. This prevent us from arriving at knockouts that can 1 6 0 maximize shikimate. In a different approach one need not optimize the system of linear equation for a given boundary. This method tries to work around the optimization problem where it is inherently assumed that the 1 6 3 system has some definitive but unknown intelligence to work towards (turn on genes expressions suitably) to Once the population results are obtained (i.e. matrix of multiple solutions), the system is filtered for the samples 1 7 3
from the solution space with maximum production of the target metabolite. The maximum flux is identified and
all the samples which constitutes ~90% and above of the maximum flux of target metabolite are filtered out. The 1 7 5 maximum flux of all individual reaction is also computed. The next step is to identify the reaction fluxes that 1 7 6 contributes least in the population level towards the production of target metabolite. We achieve this by adding a 1 7 7
filter to sample out the reaction fluxes that run minimal ~10% of the maximum flux for that respective reaction colonies are then grown in Luria broth until they reached 0.6 OD 600 . Then, the culture is incubated at 37 o C for Protocol for isobutanol and shikimate production with various knock-outs and media swap:
Initially, the conformation of in-silico simulations for nitrogen modulation was done in shake flasks before To get higher product yield the cells were grown in 500ml Bioreactor (Applikon miniBio). For producing 2 2 4
isobutanol and shikimate the cells were grown up to ~ 6.0-6.5 OD 600 in 20% dissolved oxygen (DO) at 200 rpm 2 2 5 impeller speed. PEG400 was added as an anti-foaming agent. To create microaerophilic conditions the DO is 2 2 6 reduced to 2.5% and impeller speed is reduced to 50 rpm to produce either isobutanol or shikimate. For the detection of both Shikimate and Isobutanol,1ml of the culture was spun at 4000 g for 5 minutes, Looking at a metabolic map it is might be a non-controversial conjecture, for the carbon flux to proceed towards 2 4 6 the production of higher isobutanol or shikimate, lesser amount of nitrogen input is required. In fact, Fig 2   2  4  7 shows the number of steps from glucose to the production of isobutanol (15 steps) and shikimate (12 steps) increased production of isobutanol in nitrogen depleted conditions especially at 3% nitrogen and a decreased 2 7 3 production of acetate and no production of lactate in the triple knockout.
7 4
For shikimate production the minimal requirements are indirect as the aromatic amino acid (essential) producing more shikimate, the in vitro output proves otherwise ( Fig 6B) . POSYBAL simulations were triangle relationship for aroL, pykA/F and ptsG. Hence, in these cases knockouts are important for increasing 2 7 9 product yield. Whereas, gaussian plots are seen for ackA and partially for poxB. The scatter plots for knockouts 2 8 0 which showed higher shikimate production. The shake flask experiments were performed with the previously Fig 6B) . The experiments were done with various nitrogen shows that a certain amount of nitrogen is required for driving the carbon flux towards shikimate production. increases the shikimate production in 20% LB ( Fig 6B) . Although the quadruple knockouts show that 2 8 9 POSYBAL simulations help in understanding the population behaviour and flux of carbon, we sought the best 2 9 0 triple knockouts which gave higher shikimate yield with enzymes such as tkaA and pntAB which showed direct 2 9 1 correlation with shikimate production. These enzymes were taken from the ASKA collection and expressed in doubled by tktA overexpression to 3022 ppm and whereas, pntAB overexpression gave initial higher yields i.e.
9 5
1130 ppm (at 12 hours) but they remained in similar concentration (1245 ppm) after 24 hours as well ( Fig 7A) .
9 6
For isobutanol production a fairly straightforward correlation was observed in 3% nitrogen containing complete 2 9 7 minimal M9 media where the isobutanol concentration produced was 2235 ppm after 24 hours ( Fig 7B) . EutE and YjbB (Rodriguez and Atsumi, 2012) (Fig 2) . Historically, Shikimate is produced by using plant 3 1 1 sources, since they contain similar biosynthetic pathways. Star anise (Illicium anisatum) is usually used for 3 1 2 extracting shikimate (1.5% w/v) (Bradley M, 2005) . A better substitute is Sweetgum (Liquidambar styraciflua)
which has a product yield of 2.4-3.7% w/v (Enrich et al, 2008) . In E. coli It is obtained by knocking out genes direct triangle shows that a gene overexpression is required for metabolite production. A random scatter means 3 2 8
there is no correlation involved. In the current study we demonstrate this with two examples, the production of 3 2 9
isobutanol is straightforward since, valine biosynthesis can continue with limited nitrogen and the carbon flux 3 3 0 can be diverted towards the production of acetolactate (and subsequently isobutanol) through microaerophilic 3 3 1 conditions. However, in case of shikimate this approach fails as a stoichiometric deficit is observed. An enzymatic journey taken for production of acetate is lesser in case of glucose medium than LB media. Along seen in Fig 7 and 8 . All the bioconversions and knockouts were done in BL21 strain. The overall yield of were obtained of which five solutions (Fig 5b) were seen as optimal (16%). We see that there is no central 3 7 7 governing systemic intelligence to a collection of the reaction set that has a small section (probability) wherein 3 7 8
the system produces the metabolite of interest (in this case isobutanol) and this probability increases when the The in-silico platform for various species of bacteria like E. coli, M. tuberculosis, P. aeruginosa, C. 9 0 population of bacteria is not only asynchronous in its physiological state, no two cells in a population are in 3 9 1 metabolic congruence. In conventional FBA the optimal solutions derived out of maximization/minimization of 3 9 2 a particular reaction gives an understanding of the system required to achieve a theoretical maximum/minimum one set of these solutions. This tacitly entails that no two cells have identical expression levels in a given 3 9 6 environment. These varying behavioural signatures enables the system to be robust enough to handle stress 3 9 7 factors such as nutritional deficiency, osmotic imbalance, temperature shock or presence of antibiotics. These 3 9 8
kind of competitive growth "advantage-disadvantage" simulation can be generated in our POSYBAL population 3 9 9
model. It is seen that even in media with optimum nutrient availability cells diverge in their growth rate and 4 0 0 rapidly move away from being synchronous. This divergence that is seen experimentally and is a natural 4 0 1 outcome of our POSYBAL platform. It is also seen that this divergence of synchronicity is dependent on the 4 0 2 flux through some key non-essential pathways wherein specific knockouts produce altered divergence. The authors declare that they have no conflict of interest. A. The ODE model takes in the kinetic parameters and gives solutions based on those parameters. The solution is singular (green) however, gene lethality can also be found (red) for a given knockout. B. The FBA model uses stoichiometric constraints and gives a single optimal solution for the entire population. The essentiality/lethality is often found through literature or experimental evidence. C. The POSYBAL model may not predict essentiality but it considers multiple solutions for each stochiometric constraint and gives multiple combination of flux the best knockouts are chosen through the population. D. Concept behind constraint-based modelling where a solution space is limited given the 'dimensions' (red) such as stochiometric flux, metabolite produced and biomass. Off this optimal solution (orange) is chosen for further testing. Figure 6 : POSYBAL simulation for minimal requirements necessary in shikimate production. A: Scatter plot representing fluxes through each gene and the corresponding shikimate produced. It is observed that despite intuitively choosing ackA as a knockout for producing more shikimate, but the in vitro output proved otherwise. Through POSYBAL platform it is observed that poxB, pykA/F and aroL can be knocked out to produce high amount of shikimate whereas an 'intermediate' flux through ackA and ptsG produces higher shikimate than its knockout. B: Normalized invitro graphs show that acetate production is required for the flux to move towards shikimate production. Also, glucose cannot be consumed when a nitrogen source (LB) isn't available. 
